ABSTRACT Nanoparticles of the standard pyrogenic Aerosil 1380 (Degussa) pregrafted by ã-irradiation with styrene were melt-compounded with the general purpose isotactic polypropylene (PP) homopolymer by a single-screw extruder. Storage G¢(w) and loss G²(w) shear moduli of the neat PP (PP-0) and of the nanocomposite with the filler volume content 4.68 % (PP-4.68) were treated to derive the relaxation times spectra h (t) using the NLREG computer program based on Tikhonovs method of non-linear regularisation. Drastic changes in the pattern, and broadening of the h (t) to longer relaxation times for the PP-4.68 were attributed to the onset of plastic yield of a spatial network of filler particles coated with polymer boundary layer, preceding the macroscopic melt flow.
INTRODUCTION
The continuum mechanics theories predict (and the technological experience proves) that the mechanical performance of thermoplastic polymers (TP) can be improved by incorporation of disperse rigid fillers. These theories, however, fail to explain the significant increase of, say, elasticity moduli and concomitant decrease of thermal expansivities of filled TP composites, the smaller the particle size at the same filler loading (e.g., [1] ). These empirical observations prompted the development of TP nanocomposites (TPNC) reinforced by relatively small amounts of ultrafine, nano-disperse particles of a few nm in size, which exhibited a dramatic improvement in the stiffness/toughness ratio, gas-barrier properties, flame retardance, etc. [2, 3] . In view of these outstanding properties of TPNC, their further development and characterisation are considered, on line with other areas of nanotechnology, as one of the major goals of the materials science in the oncoming millenium. As could be inferred from previous studies [1, 4, 5] , the viscoelastic behaviour of molten TP was strongly affected by polymer-filler interactions; however, up till now no quantitative characterisation of the relaxation times spectra of TPNC was available. It is, therefore, the purpose of the present paper to report on the viscoelastic properties in the melt state of the TPNC based on polypropylene.
EXPERIMENTAL
Nanoparticles of the standard pyrogenic Aerosil 1380 (Degussa, mean particle size <d> = 7 nm) pregrafted by ã-irradiation with styrene, were melt-compounded at 200 o C with the general purpose isotactic polypropylene (PP) homopolymer (grade F 401, melt flow index MFI = 8.5 g/10 min) by a single-screw extruder [6] . Storage G¢(w) and loss G²(w) shear moduli of the neat PP (PP-0) and of the nanocomposite with the filler volume content ö = 4.68 % (PP-4.68) were measured with the PIRSP-03 rheometer [7] in the range of linear viscoelasticity (amplitudes 
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of harmonic vibrations on the order of 1 %) at three.
RESULTS AND DISCUSSION
As can be seen from Fig. 1 , for the neat polymer (PP-0) the loss moduli G²(w) are considerably higher than the storage moduli G¢(w): moreover, both G²(w) and G¢ (w) exhibit a smooth increase with frequency ù (at fixed temperatures), and a smooth decrease with temperature (at fixed frequencies). The internal self-consistency of the experimental data for PP-0 was proved by construction of master plots in which the same values of the shift factor (a T » 2.0) were used for both G¢(w) and G²(w). This behaviour is typical for the shear flow of polymer melts far above the glass transition temperature [8] .
In contrast, one can identify at least two frequency intervals with distinctly different behaviour for the nanocomposite (PP-4.68). In the range of lowest frequencies (i.e., at w < 0.1 sec
), both G¢(w) and G²(w) turned out to have nearly identical magnitudes and to be essentially temperature-invariant and only weakly frequency-dependent ( Fig. 1) . At higher frequencies, G¢(w) and G²(w) started to diverge and to exhibit dependencies on both temperature and frequency, although these dependencies proved much weaker than those for the neat polymer. These data may be considered [9] as the experimental evidence for existence of a spatial network of filler particles coated with polymer boundary layer in the low-frequency range, and for its plastic yield at higher frequencies.
The raw experimental data (Fig. 1) were treated to derive the relaxation times spectra h (t) using the NLREG computer program based on Tikhonovs method of non-linear regularisation [10] . Each of the h(t) vs. t plots for the neat polymer (PP-0) can be represented by a smooth curve exhibiting a relatively rapid decay which set on at the characteristic relaxation times t 1 » 2.0 (180 o C), 1.3 (200 o C) and 0.9 sec (220 o C), respectively (Fig. 2) . The apparent activation energy ÄE 1 /k » 4.5x10 3 K for this fast process estimated from the Arrhenius (ln t 1 vs. 1/T ) plot, turned out similar to those for Newtonian melt flow [11] and for self-diffusion [12] in PP melts.
In terms of the reptation model of polymer flow [13] , the rapid decay of h(t) may be associated with the disentanglement process (i.e., the complete escape of a polymer chain from the virtual tube formed by its neighbours) which is characterised by the relevant maximum relaxation time ô max = <h as the most probable molar mass of PP fraction responsible for the fast (ô max,1 =t 1 » 2 sec) component of the relaxation times spectrum (Fig. 2) . This rough estimate seems quite reasonable for the PP-0 sample used in our studies with the apparent melt viscosity as low as MFI = 8.5 g/10 min.
The fast component with the characteristic relaxation time t 1 » 2 sec can be also identified in the relaxation times spectrum for the nanocomposite PP-4.68 at 180 o C (Fig. 2) ; however, at longer relaxation times the initial decay degenerates into a shallow dip at ô dip » 15 sec, after which the spectrum passes through a maximum around the characteristic relaxation time t 2 » 100 sec. Moreover, one observes strong shifts of these dips to longer relaxation times, the higher the temperature (ô dip » 80 sec and 100 sec at 200 and 220 o C, respectively), suggesting that the final upswings on the corresponding spectra are the shorter-time tails of slow 1] »3.5 nm, is comparable to the estimated gyration radius of a macromolecular coil, <R g > = (<h 2 >/6) 1/2 » 4 nm (here ö max »15 % is the maximum packing fraction of Aerosil particles [15] ). This implies that such shear-resistant, infinite cluster should be formed by filler particles coated with boundary interlayers (BI) of a sterically immobilised polymer [1] . Recalling the anomalous behaviour of G¢(w) and G²(w) at the lowest frequencies referred to above (Fig. 1) , it seems reasonable to suggest that the slow components of the spectra are associated with the onset of plastic yield of an infinite cluster of filler particles coated with BI, preceding the macroscopic melt flow.
CONCLUSIONS
The results of this study can be regarded as the first experimental evidence for a shear-resistant, stiff spatial structure of filler particles coated with polymer boundary layer in the melt phase of a nanocomposite with relatively low filler content. It is pertinent to mention here the recent rheological studies of TPNC by Zhu and Sternstein [16] who reported on the change of viscoelastic properties (presumably, due to the formation of trapped entanglements) concomitant to the absence of significant broadening of the relaxation times spectrum. It is believed that these findings will prove relevant to the problem of optimisation of the melt processing regimes for commercial TPNC.
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